Purpose This study investigated side-to-side gait asymmetry in subjects with adolescent idiopathic scoliosis. Methods There were 20 adolescents with idiopathic scoliosis and 20 age-matched control subjects, who participated in the study. To minimize confounding effects, we recruited patients with similar spinal curvature for the scoliosis group, and all participants are right hand dominant. The participants were instructed to ambulate on a 10 m walkway while barefoot. There were two force plates in the middle of the walkway. The ground reaction force (GRF) and angular displacements of six segments (foot, shank, thigh, pelvis, trunk, and head) were measured during one gait cycle based on the right and left lower extremities. To remove the positional information in the kinematic data, the derivative of angular displacement in each segment was calculated. To evaluate the side-to-side gait symmetry, we calculated the cross-correlation of each bilateral gait parameter. Results In the kinematics, the scoliosis group demonstrated asymmetrical gait in the frontal and transverse planes compared to the control group. In the GRF data, the scoliosis group demonstrated asymmetrical gait in the medial-lateral (M/L) direction compared to the control group.
Introduction
Adolescent idiopathic scoliosis (AIS) is a three-dimensional deformity of the spine and has been reported to be prevalent in 1-3 % of the population aged 10-16 years [1] . Several studies have shown that AIS alters the connective structure of the spine, leading to changes in mobility and balance [2] [3] [4] . Since the trunk assists in the maintenance of body balance [5] , a presence of spinal deformity would alter the center of mass (COM) during gait, leading to the development of a pathological gait pattern.
It has been reported that gait patterns differed between patients with scoliosis and their healthy peers. Such differences include decreased step length [6] [7] [8] and reduced range of motion (ROM) in the upper and lower extremities (LE) [6] , but one study showed no difference [9] . It has also been reported that the gait pattern is symmetrical in healthy populations [10] [11] [12] [13] , but marked differences have been found between affected and unaffected limbs in pathological gait [14, 15] . A limited number of studies have evaluated side-to-side asymmetry of gait in AIS. One study showed asymmetry of trunk rotation in the transverse plane. During gait, the trunk rotated asymmetrically to the line of progression, which showed a torsion offset with minimum torsion at right heel contact and maximum torsion at left heel contact, producing ground reaction force (GRF) asymmetry of free rotational moment around the vertical axis [16] . In GRF studies conducted to evaluate gait asymmetry in AIS, patients with scoliosis showed asymmetrical gait in the vertical [17] , anterior-posterior (A/P) [18] , and medial-lateral (M/L) [19] directions. These studies adopted the peak angle of the joint [16] or the peak force [11, 18] at a certain time to compute symmetry index. However, spatial-temporal information is an important factor to understand human gait control [20] . Thus, in our study, correlation coefficient (CC) was adopted to evaluate gait asymmetry.
The aim of the present study was to investigate the sideto-side gait asymmetry in subjects with AIS. It was hypothesized that the scoliosis group would show asymmetrical patterns in kinematics and GRF compared to the control group, especially in the M/L direction. To minimize confounding effects, subjects with a similar spinal curvature (right thoracic and left lumbar scoliosis with double curves, the left convex on the lumbar spine or the right convex on the thoracic spine, in posterior view) were recruited for the scoliosis group and compared with an agematched control group. As mentioned above, the torsion offset has been found in AIS during gait. Thus, we calculated the derivative of angular displacement in each segment to remove positional information and used this value for calculating the side-to-side gait asymmetry.
Methods

Subjects
There were 20 adolescents with idiopathic scoliosis (gender: 2 male and 18 female, age: 14.9 ± 1.0 years, height: 161.6 ± 6.6 cm, weight: 59.2 ± 7.6 kg) in the scoliosis group and 20 age-matched healthy adolescents (gender: 5 male and 15 female, age: 14.4 ± 1.0 years, height: 160.9 ± 5.7 cm, weight: 53.3 ± 9.8 kg) in the control group, who participated in the study.
The subjects were recruited from a middle school closely located to the Motion Analysis Lab. Before the experiment, a medical examination by interview was performed to evaluate pain or discomfort of the spine, hip, knee and ankle joints. Also, a morphological examination was performed to evaluate shoulder imbalance, pelvis tilting, and hip and knee contractures. If a subject reported any history of disease, discomfort on the spine, hip, knee and/or ankle joints within the past 3 months, morphological problems (such as abnormal ROM), and/or neurological abnormalities, the subject was excluded from our study. After the medical and morphological examinations, the screening test on scoliosis was performed using Adam's forward bending test. If the subject showed a positive sign for the test, then whole spine radiography was examined to confirm the diagnosis. The subjects in the scoliosis group were selected from those who were diagnosed as having idiopathic scoliosis in the past month, and who did not receive any treatment or undergo surgery prior to and during the study.
The Cobb's angle of each subject in the scoliosis group is presented in Table 1 . To prevent the confounding effect of the spinal curve on the gait asymmetry, we recruited subjects with scoliosis who showed a similar type of spinal deformity. Also, we recruited all subjects who were right limb dominant to prevent a confounding effect of handedness on gait asymmetry. Thus, all subjects in both groups were right handed based on the functional characteristics of handedness as determined by the Edinburgh handedness questionnaire [21] . Each subject received information regarding the purpose and methods of the study and signed a copy of the consent form approved by the Institutional Review Board of Korea University. 
Procedure
Prior to the main experiment, each subject's height and weight were measured. Each subject presented at the Motion Analysis Lab for a familiarization session which comprised of at least five trials of walking naturally along a 10 m walkway at a comfortable speed while barefoot. There were two force plates (Bertec FP4060) in the middle of the walkway. The subjects were not given information about the location of the force plates to maintain natural gait. A trial was excluded from the data collection, if the vertical and A/P GRF patterns did not match with a normal gait pattern. If the subjects stepped on the edge of the force plate, they were instructed to change the start position. The subjects performed several trials until five trials of the gait data showing a normal GRF pattern were successfully collected. The GRF of the two LE was collected in each trial (Fig. 1) .
The GRF was collected in three axes (x axis: the M/L force, y axis: the A/P force, z axis: the vertical force) with the sampling rate at 1,200 Hz. To capture kinematic data, reflective markers were attached to the subject's body following the Helen Hayes model that we adopted in a previous study [22] . Six digital cameras captured the motion of each marker three-dimensionally (Motion Analysis Corporation, Santa Rosa, CA, USA) with the sampling rate at 60 Hz.
Data analysis
To calculate gait parameters in kinematics, the threedimensional movement data of the markers were filtered with low-pass at 6 Hz using a fourth-order, zero lag, Butterworth filter. All parameters were normalized to a percentage (%) of the gait cycle. The angular displacements of each segment (foot, shank, thigh, pelvis, trunk, and head) were calculated (Fig. 2) , and the derivative of the angular displacement of the segments were then calculated to remove position information. To evaluate the side-to-side gait asymmetry, the CC was calculated using the derivative of the angular displacement of the two sides in each group. We also measured gait speed, cadence, stride length, step length, and stance and swing times ( Table 2) .
The GRF data of the right and left LE in each axis were selected and filtered with low-pass at 15 Hz using a fourthorder, zero lag, Butterworth filter. The data were then normalized to the body weight of each subject. Also, the time was normalized to % of the stance time.
To assess the side-to-side gait asymmetry, the CC between pairs of data was calculated with the following
, where R i and L i are the ith values of the left and right LE data, and i = 1,2, …, 100 in this study. The two profiles are exactly the same shape when the CC is 1 [23] . 
Statistics
Statistical analyses were performed using SPSS 16 (SPSS, Chicago, IL). Normality was assessed for each dependent variable by using Kolmogorov-Smirnov test. For comparing the CC of the kinematics between the two groups, a mixed repeated ANOVA was performed in each plane with the factors of Segment (6 levels: foot, shank, thigh, pelvis, trunk, and head) and Group (2 levels: scoliosis and control groups). A t test was also used to compare the gait parameters and CC of the GRF between the two groups or between the right and left LE in each group. The significance level was set at P \ 0.05.
Results
During gait, the control and scoliosis groups demonstrated similar walking speeds (control: 112.0 ± 2.2 cm/s, scoliosis: 115.0 ± 2.6 cm/s), stride lengths (control: 119 ± 1.9 cm, scoliosis: 124 ± 2.4 cm), and cadences (control: 111.4 ± 1.3 steps/min, scoliosis: 109.4 ± 1.7 steps/min) (Table 2a) . However, each group demonstrated different gait parameters in the comparison of bilateral LE. Similar step lengths for bilateral LE were found in the control group, while different step lengths were found in the scoliosis group (Table 2b) . Also, in the relative time of the stance and swing phases (i.e., % of a gait cycle), the control group showed a similar duration between the two LE in each phase while the scoliosis group showed a longer stance (or a shorter swing) time during the right LE than during the left LE (Table 2b) .
CC of the kinematic parameters
The CC of the kinematic parameters is presented in Table 2c . In the coronal plane, the scoliosis group demonstrated less CC than the control group (P = 0.019). Also, the thigh and pelvis showed a greater CC, and the foot and shank showed a smaller CC compared to the other segments. These results were confirmed by a mixed repeated ANOVA showing main effects of Group and Segment, but no interaction. In the sagittal plane, the two groups showed a similar CC (P = 0.122). The thigh and shank showed a greater CC, and the pelvis and head showed a smaller CC compared to the other segments. These results were confirmed by a mixed repeated ANOVA showing a main effect of Segment.
In the transverse plane, the scoliosis group demonstrated a smaller CC than the control group (P = 0.010); the pelvis and trunk showed a greater CC, and the foot, shank, and thigh showed a smaller CC compared to the other segments (P \ 0.001). These results were confirmed by a mixed repeated ANOVA showing main effects of Group and Segment, but no interaction.
CC of ground reaction force
The scoliosis group showed a smaller CC than the scoliosis group in the M/L direction, but the two groups showed similar CC in the other directions (Table 3) .
Discussion
The aim of this study was to investigate the side-to-side gait asymmetry present in subjects with AIS. To evaluate gait asymmetry, we three-dimensionally computed the CC of the rotation pattern of each segment and the CC of GRF pattern and then compared the CC between the scoliosis and control groups.
Our study demonstrated that the scoliosis group showed an asymmetrical rotation of segments in the frontal and transverse planes compared to the control group. Mahaudens and co-workers [6] found an absence of side-to-side asymmetry for all kinematic parameters in AIS, although scoliotic patients reduced their ROM of the pelvis, hip, and shoulder in the frontal plane and ROM of the knee in the sagittal plane. Also, Kramers-de Quavain and co-workers [16] reported that scoliotic patients showed no side-to-side asymmetry, except for an asymmetrical torsion offset to the line of progression. Consistently, our results showed no difference in CC between the two groups in each segment (i.e., we did not observe the interaction of Group by Segment in the ANOVA). However, we observed that the scoliosis group showed a smaller CC than the control group in the frontal and transverse planes.
We observed that the asymmetry was due to a combination of all segments, but not due to one or two specific segments. This may indicate a global phenomenon characterized by bilateral disturbances. Spinal deformity in AIS produces translational and angular asymmetry of the vertebrae of the rib cage and back surface, thereby resulting in an asymmetrical load on the spine [24] . This could alter segmental position and lead to alteration of the body COM position during gait. Meanwhile, in our study, the scoliosis and control groups showed a higher symmetry of the rotational pattern in the pelvis and thigh in the frontal plane, in the shank and thigh in the sagittal plane, and in the pelvis and trunk in the transverse plane (Table 2 ). This meant that the scoliosis group utilized the same control strategy of each segment as the control group. Thus, the asymmetrical gait shown in AIS may be due to changes in global postural control strategies, and these changes may be due to changes in the sensory [8] and/or somatosensory systems [25] [26] [27] .
Our study measured some time-distance gait parameters, such as gait speed, cadence, and stride length, and showed that the scoliosis group did not show any differences in these gait parameters compared to the control group. These findings are consistent with those of Chen and co-workers [9] . In contrast, reduction of step length [6, 7] and decreased cadence [19] were found in other studies. These contradictory results might be due to the difference in severity of spinal deformity of the subjects among the studies [28] . For example, most scoliotic patients showed mild deformity (i.e., below 30°in Cobb's angle) in our study, while the patients in the study of Mahaudens and coworkers [6] showed mild to severe deformity (i.e., one patient group showed Cobb's angle above 40°). Although the scoliosis and control groups in our study showed similar mean values in the gait parameters, the scoliosis group showed an asymmetrical gait pattern for step length and duration of gait phase, i.e., longer step length and longer stance phase (shorter swing phase) in the right LE.
Some studies showed a positive correlation between spinal deformity and angular displacement in the pelvis during gait in subjects with AIS [19, 28, 29] . These studies generally adopted angular displacement of segments in the comparison of scoliotic patients and healthy controls. However, previous studies dealing with gait asymmetry adopted segmental maximum and minimum peaks in each side [11, 16, 18] . Our study adopted a different calculation method from the one used in these previous studies since temporal information is also important in understanding human motor control in addition to force or angle in a certain time [20] . Thus, CC was adopted to calculate the side-to-side gait asymmetry. Also, our study adopted the derivative of segmental angles instead of the angular displacement of segments because we were interested in the rotation pattern of segments regardless of the difference in bilateral segment position in AIS. These methodological differences might result in asymmetrical gait in the global aspects as shown in our results. From the kinematic results in our study, we expected that the kinematic asymmetry in the frontal and transverse planes could lead to an asymmetrical GRF, especially in the M/L direction. As expected and consistent with the findings of Giakas and co-workers and Kramers-de Quavain and co-workers, the GRF results showed that the scoliosis group demonstrated an asymmetrical gait compared to the control group in the M/L direction, although the data analysis was different among our study and the other two studies. Besides this, the gait asymmetry in AIS can be expected from the findings of standing balance control studies, which reported that subjects with AIS showed less balance control than healthy controls during upright standing posture, especially in the M/L direction [9, 30] . The directional differences shown in these studies may be due to methodological differences and/or differences in severity of spinal deformity of the scoliotic patients, but further studies are needed.
In conclusion, our study clearly demonstrated that the scoliosis group showed asymmetrical gait in kinematics and GRF. In the kinematics, gait asymmetry was found in the frontal and transverse planes during combined rotation of all segments. In GRF, gait asymmetry was found in the M/L direction. This asymmetrical gait demonstrated by subjects with AIS may be due to changes in global postural control strategies caused by spinal deformity.
